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"by  recombination  luminescence*  The  correlation  of  these 
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Abs  tract 

Infrared  a  bso.vpti  on  measurements  were  made  for  n-type 
silicon  samples  irradiated  with  1  I-ieV  electrons  at  room 
tempera ture.  The  absorption  spectra  in  the  range  1-3  mic¬ 
rons  we re  recorded  at  both  liquid  nitrogen  and  liquid  helium 
temperatures.  Three  families  of  zero-phonon  lines  and  phonon- 
assisted  sideband  structure  were  seen  which  correspond  to 
those  se.en  in  luminescence  spectra.  The  families  at 
0.4891  eV  and  O.789S  eV  were  seen  only  in  pulled  samples, 
while  the  family  at  0.9702  eV  was  seen  in  both  pulled  and 
float  zone  samples,  A  dose  rate  study  Indicated  that  all 
three  families  are  independent  of  each  othor.  The  zero-pho- 
non  lines  at  0.7898  eV,  0.79;I8  eV,  and  0.9702  eV  are  inde¬ 
pendent  of  the  divacancy.  The  growth  rate  of  the  line  at 
0.4891  eV  may  follow  that  of  the  divacancy.  The  splitting 
of  the  zero-phonon  line  at  0,?89S  eV  occurs  in  the  excited 
state  since  both  the  zero-phonon  lines  at  0.7893  eV  and 
0.7948  eV  occurred  at  equal  intensity  in  the  low  temperature 
absorption  spectra. 


GN&/PH/72-11 

'ZERO-PHONON  LINE  ABSORPTION  SPECTRA  -  OF 
'  RADIATION  DAMAGE  CENTERS  IN  SILICON 

I.  Introduction 


Silicon  is  the  ....  oup  17  element  with  an  atomic  num¬ 
ber  of  %k  lying  above  carbon  and  below  germanium  in  the 
periodic  table.  Electrically,  it  is  classified  as  a 
semiconductor.  In  its  purest  form  silicon  has  a  rocm 
temperature  resistivity  of  approximately  2.5x10^  ohm-cm. 
The  addition  of  5x10*5  atoms/ciP  or  about  1  part  per  10 
million  of  an  impurity  can  bring  the  room  temperature 
resistivity  down  to  10  ohm-cm.  This  characteristic  of 
having  the  carrier  concentration  determined  by  the  im-' 
purities  makes  silicon  an  Important  electrical  material, 
Silicon,  with  controlled  Impurity  concentrations,  is  used 
in  diodes,  transistors,  integrated  miniature'  circuits, 
and  many  more  components  of  the  rapidly  increasing  solid 
state  electronics  field. 

Just  as  chemically  added  impurities  affect  silicons 
electrical  properties,  lattice  defects  produced  by  radi¬ 
ation  can  also  affect  these  properties.  Because  of  the 
increasing  need  to  use  silicon  devices  in  space,  and  in 
military  equipment,  there  has  been  an  extensive  progiam 
to  investigate  radiation  effects  in  silicon.  Much  effort 
has  been  devoted  to  understanding  the  mechanisms  of  de¬ 
veloping  defect  formation,  identifying  various  defect 
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j 

3 

models,  and  developing  some  radiation  hardening  methods.  ] 

Since  most  of  the  radiation  induced  defects  in  semi-  I 

■ '  j 

conductors  are  on  the  atomic  scale,  there  is  no  direct  *  | 

method  which  can  furnish  all  the  information  needed  to  j 

describe  the  defects.  Instead,  indirect  methods,  through  j 

,  » 

1 

various  defect  sensitive  physical  properties  of  the  mate- 

1 

rial,  are  employed.  By  the  interpretation  and  correlation  of  j 

s 

a  number  of  experiments  on  different  properties,  a  consls-  j 

tent  model  may  be  obtained  of  the  configuration  of  defects  j 

as  they  exist  in  the  crystal.  | 

One  useful  technique  which  can  reveal  information  on 
the  microscopic  nature  of  defeots  is  recombination  lumi¬ 
nescence.  A  study  of  defect  luminescence  spectra  can  give 
information  on  the  defects*  energy  levels  in  the  gap,  the 
nature  of  the  rocombinatlon  processes,  and  the  interaction 
of  defeots  with. the  lattice.  Low  temperature  pho'tolumlnes- 
oence  has  been  used  by  Yukhnevlch  and  Tkachev  (Ref  4l)  in 
the  Soviet  Union,  and  by  Spry  and  Compton  (Ref  33),  Jones 
and  Compton  (Ref  22),  and  Johnson  and  Compton  (Ref  20)  in 
the  United  States  to  study  uhose  defects.  The  spectra  con¬ 
sist  of  strong  zero-phonon  lines  accompanied  by  phonon-emis¬ 
sion  bands  on  the  low  energy  side  of  the  zero-phonon  lines. 

Another  technique  which  can  give  information  of  the 
microscopic  nature  of  defects  is  optical -absorption.  Re¬ 
cently,  Bean,  et  al.  (Ref  4)  have  reported  detecting  sev¬ 
eral  new  absorption  bands  at  liquid  nitrogen  temperature 
in  electron  irradiated  silicon  which  are  thought  to  be  of 
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electronic  origin.  These  bands  occurred  at  energies  which 
correspond  to  zero-phonon  line  energies  seen  in  photo- 
luminescence  spectra.  Dean,  et  al.  (Ref  13)  Identified 
zero-phonon  components  in  absorption  spectra  due  to  bound 
excitons  in  silicon  by  comparing  the  transition  ener¬ 
gies  in  the  absorption  and  luminescence  spectra. 

The  purpose  of  the  project  described  in  this  thesis 
■was  to  obtain  liquid  nitrogen  and  liquid  helium  tempera¬ 
ture  absorptlon'spectra  from  electron  irradiated  silicon 
samples  which  showed  the  same  narrow  lines  reported  by 
Bean,  et  al,  A  search  was  to  be  made  for  other  narrow 
lines  which  occurred  In  luminescence  spectra  and  a  correla¬ 
tion  made  between  the  absorption  and  luminescence  bands. 

A  high  resolution  recording  spectrophotometer  was  used  to 
record  absorption  spectra  at  both  liquid  nitrogen  and 
liquid  helium  temperatures. 

After  the  Initial  absorption  spectra  recorded  indi¬ 
cated  the  existence  of  these  new  absorption  bands,  a  growth 
rate  study  of  the  prominent  bands  was  undertaken.  The  In¬ 
tensity  of  the  bands  was  studied  as  a  function  of  the  elec¬ 
tron  fluence  In  an  attempt  to  Identify  the  defects  res¬ 
ponsible  for  the  spectra, 

•  The  next  throe  chapters  that  follow  contain  the  back¬ 
ground  information  pertinent  to  this  study  of  silicon.  The 
Information  presented  Include  the  general  properties  of  sill 
oon,  the  optical  properties  of  silicon,  and  a  discussion 
of  electron  radiation  damage  in  silicon.  The  final  three 
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chapters  discuss  equipment  and  procedures,  experimental 
results,  and  discussion  and  conclusions. 
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II.  General  Properties  of  Silicon 

This  section  contains  information  on  the  growth  meth- 

♦  • 

ods,  band  structure*  and  phonon  spectrum  of  single  crys¬ 
tals  of  silicon.  The  crystal  growth  methods  are  discussed 
beoause  they  can  give  valuable  Information  concerning  chem¬ 
ical  impurities  in  silicon.  Both  the  electronic  energy  band 
structure  and  the  lattice  vlbronlc  structure  are  extremely. 
Important  In  determining  the  optical  properties  of  silicon. 
Crystal  Growth 

The  concentration  and  type  of  chemical  Impurity  In 

silicon  are  determined  by  the  method  of  crystal  growth. 

Large  single  crystals  of  silicon  are  most  often  produced 

by  the  Czoohralskl  method.  In  this  method,  a  seed  crystal 

is  dipped  into  the  melt  and  then  drawn  from  the  melt  by  a 

rod  which  can  be  simultaneously  rotated  and  raised.  The 

molten  silicon  Is  normally  contained  In  a  quartz  crucible. 

At  the  'melting  point  of  silicon,  1420°C,  oxygen  is  readily 

exchanged  between  the  crucible  and  the  molten  silicon. 

Crystals  produced  by  this  method  contain  oxygen  In  Inter- 

1  ft 

stltlal  positions  in  concentrations  of  nearly  10  per 
cm3  (Ref  23:812), 

The  other  common  method  for  producing  single  crystals 
of  silicon  is  by  the  float  zone  technique.  In  this  tech¬ 
nique,  a  radio  frequency  coll  Is  passed  along  the  length 
of  a  vertically  held  silicon  rod.  A  thin  molten  zone  is 

produced  by  the  heating  coll  and  is  swept  through  the 

% 

crystal.  Very  pure. crystals  are  produced  by  this  method 
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since  the  impurities  have  a  higher  solubility  in  the  melt 
than  in  the  solid  and  are  segregated  at  the  bottom.  The 
oxygen  concentration  is  approximately  lO1^  per  01P 
(Ref  23:882). 

Residual  impurities,  other  than  the  .intended  dopant, 
which  are  of  interest  in  radiation  damage  are  oxygen,  car¬ 
bon,  and  germanium.  Bean,  et  al.  (Ref  4:751)  reported  a 
oarbon  content  of  2X101®  per  cm?  in  a  pulled  crystal  not 
deliberately  doped  with  this  Impurity.  Baker,  et  al. 

(Ref  3:4368)  found  the  carbon  concentration  in  float  zone 
silicon  to  be  on  the  order  of  lO*?  per  cm?  t 
Band  Structure 

As  silicon  atoms  are  brought  together  to  form  a  crys¬ 
tal,  energy  bands  are  formed  at  an  equilibrium  lattice  spac¬ 
ing.  The  corresponding  crystal  structure  for  silicon  as  a 
function  of  wave  vector  Ic  is  shown  in  Fig.  1..  . 
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The  valence  band  maximum  occurs  at  lc=0,  the  center  of  the 

first  Brillouin  zone.  However,  the  conduction  band  min- 

# 

imum  occurs  at  approximately  82#  of  the  distance  toward  the 
direction  of  the  first  Brillouin  zone  boundary.  For  this 
reason  silicon  is  termed  an  indirect  band  gap  semiconductor. 

The  indirect  band  gap  energy  is  1.165  eV  at  liquid  helium 

temperature  (Ref  32052). 

« 

Phonon  Sueotrum 

As  a  result  of  the  difference  in  energy  between  the  in¬ 
direct  gap  and  the  direct  gap  in  silicon,  most  conduction 
band  electrons  occupy  states  near  the  conduction  band  minimum. 

It  is  these  electrons  which  dominate  the  electrical  and  opti¬ 
cal  properties  of  the  material.  In  order  to  conserve  crystal 
momentum,  electronic  transitions  occur  with  phonon  assistance. 
The  phonon  spectrum  of  silicon  for  the  case  of  lattice  vi¬ 
brations  promgating  in  ’the  £looJ  .  direction  in  silicon  at 
room  temperature  is  shown  in  Fig,  2.  The  spectrum  for  silicon 
exhibits  both  the  optical  branch  and  the  acoustic  branch. 

Each  of  th,ase- 'branches  has  two  different  modes  of  vibrations 
with  the  displacement  of  atoms  either  transverse  or  longitudinal 
to  the  direction  of  wave  propagation.  The  Ic  value  corresponding 
to  the  minimum  in  the  conduction  band  is  shown  by  the  dotted 
line..  The  energies  of  the  phonons  having  the  appropriate 
momentum  to  make  the  indirect  transition  possible  are  equal 
to  0.059  eV,  0.053  eV,  0..0W-  eV,  and  0.018  eV.  The  phonons 
with  largest  densities  of  states  at  this  point  arc  the 
TO  phonon  at  0,059  eV,  the  TA- phonon  at  0.018  eV,  and  the 
zone  oentcr  optical  phonon  at  0*o64  eV. 


Phonon  Energy  (meV) 
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III*  Optical  Properties 


The  first  section  of  this  chapter  contains  infor¬ 
mation  on  the  absorption  of  electromagnetic  radiation  in 
silicon.  The  next  two  sections  Include  background  material 

on  free  excitons  and  bound  exciton  absorption.  Zero-phonon 

*  «  * 

transitions  are  then  discussed  with  the  resulting  spectra 
identified  as  an  optical  analog  of  the  Mossbauer  effect. 
Absorption  Process 

Fundamental  absorption . takes  place  when  an  electron  is 
excited  by  the  absorption  of  a  photon.  There  are  two  types 
of  transitions  which  can  occur.  Transitions  in  which  only  a 
photon  is  Involved  are  referred  to  as  direct.  Those  ..n  which 
energy  is  either  supplied  by  the  crystal  lattice  or  given 
up  to  it,  are  referred  to  as  Indirect.  In  this  type,  one 
or  more  phonons  are  emitted  or  absorbed  at  the  same  time 
as  the  photon  is  absorbed.  As  was  shown  in  Fig.  1,  the  low¬ 
est  energy  state  in  the  conduction  band  of  silicon  does  not 
have  the  same  value  of  k  as  the  highest  energy  state  in  the  • 
valence  band.  Direct  transitions  will  only  be  possible  with 
visible  photons  and  any  infra-red  absorption  must  arise  from 
indirect  transitions  (Ref  27  :11^). 

For  the  indirect  transition  to  take  place  in  an  absorp¬ 
tion  process,  crystal  momentum  must  be  conserved.  The 
amount  of  momentum  needed  is  supplied  by  either  the  absorp¬ 
tion  or  emission  of  a  phonon.  The  direct  transition  is 
labeled  D  and  the  indirect  transition  is  labeled  I  in  Fig.  3# 


I 


I 


\ 
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Fig.  3.  Band-t o-Band  Transitions 


The  photon  energy  required  for  transition  I  Is  given  by 

hv  -  Eg  i-  tia  (D 

where  E~  Is  the  .energy  gap  and  is  the  energy  of  the 

O 

phonon.  The  ±  refers  to  the  emission  and  absorption  of 
the  phonon,  respectively.  At  low  temperatures,  the  den¬ 
sity  of  phonons  in  the  orystal  will  be  so  small  that  phonon 
absorption  is  negligible  (Hei  26;12A5). 

In  absorption  spectra,  the  absorption  coefficient  Is 
usually  plotted  as  a  function  of  photon  energy.  The  absorp¬ 
tion  coefficient  can  be  defined  as  the  product  of  the  cross 
section  for  absorption  and  the  volume  density  of  absorbing 
atoms,  When  the  photon  has  energy  enough  to  excite  elec¬ 
trons  from  the  valence  band  to  the  conduction  band,  a  large 
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Increase' in  absorption  is  observed  (Ref  32:191).  The 
absorption  coefficient  for  silicon,  as  shown  in  Pig.  4, 
indicates  the  increase  in  absorption  as  the  photon  energy 
increases . 


O 


Pig.  4,  Absorption  in  Silicon  (Ref  2?:ll6) 


The  figure  can  be  interpreted  as  showing  th*e  onset  of* 
indirect  transitions  at  approximately  1.1  eV  at  room 
‘  temperat  lire . 

So  far  the  aisevssion  has  only  concerned  band-to-band 
absorption,  whion  cy  definition  generates  a  free  hole  and 
free  electron.  However,  if  the  energy  of  the  photon  is  not 
sufficient  to  excite  an  electron  from  the  valence  band  to 


11 
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the  conduction  band,  various  optical  transitions  from 
impurity  centers  may  be  induced  within  a  band.  These 
impurity  centers  may  result  from  the  substitution  of  a 
group  III  atom  (acceptor)  or  a  group  V  atom  (donor)  into 
the  crystal  lattice.  The  energy  levels  of  the  donor  and 
acceptor  lie' very  near  the  conduction  and  valence  bands. 
Since  these  energies  are  so  near  to  the  conduction  or  val¬ 
ence  bands,  it  is  necessary  to  cool  to  very  low  temperatures 
before  the  density  of .impurity  centers  which  are  unionized 
is  sufficient  to  giye  significant  absorption  (Ref  2? : 50 ) • 

If  silicon  is  heavily  doped  with  both  donors  and  acceptors, 
absorption  may  be  due  to  donor-acceptor  pair  formation. 

The  model  for  this  transition  is  an  electron  bound  to  an 
unionized  donor  and  a  hole  bound  to  an  unionized  acceptor. 

1 

The  energy  of  the  absorption  process  is  given  by 


hv  =  Eg  -  (Ed  +  % )  +  e£ 


where  Ep  and  are  the  ionization  energies  of  the  donor 
and  acceptor,  is  the  energy  of  a  momentum  conserving 
phonon,  e  is  the  oharge  of  an  electron,  <  is  the  static 
dielectric  constant,  and  r  is  the  separation  between  donor 
and  acceptor.  The  absorption  peal:  will  be  narrow  with  no 


thermal  broadening  of  the  halfwidth,  but  may  be  broadened 

££ 

by  the  <rr  term. 


The  effect  of  high  energy  particle  irradiation  also 

produces  defect  centers  in  the  crystal  lattice.  The  de- 

% 

feet  may  act  as  a  donor  or  acceptor  site  (Ref  x4{H2?). 
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Information  on  the  defect's  energy  level  may  be  obtained 
by  measuring  the  infrared  absorption  beyond  the  fundamen¬ 
tal  band  edge  (Ref  35:169). 

Exoltons 

Because  an  electron  and  hole  have  an  attractive 

\ 

Coulomb  interaction,  it  is  possible  for  stable  bound  states 
of  the  two  particles  to  be  formed.  This  bound  electron- 
hole  pair  icnown  as  an  exciton,  is  a  neutral,  excited  state 
of  a  crystal. 

There  are  two  different  limiting  approximations  for  the 
exciton  concept.  The  Ptenkel  exolton  is  considered  as  a 
tightly  bound  pair  whereas  the  Wannier  exciton  is  a  weakly 
bound  pair  (Ref  25).  The  Wannler  exciton  structure  is 
analogous  to  the  hydrogen  atom  model.  The  giv,and  state  io¬ 
nization  energy  G,  is  calculated  from 


G  ■=  13AH 


(3) 


f  % 


where  n  is  the  reduced  mass  of  the  electron-hole  pair  and 

in  is  the  free  electron  mass. 

^  * 

The  excitation  energy  necessary  for  the  creation  of  a 
free  cxcltoh  at  low  temperatures,  a  characteristic  of  the 
•band  structure  of  a  pure  material,  is  given  by 


hv  s  S  -  G  *fr  (SLjex 

o  jL  1 


(4) 


13 


o 
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where  (E^)ex  is  the  translational  thermal  energy  of  the 

may  be  zero* 

Bound  Exoiton  Absorption 

The  first  experimental  proof  of  bound  exoitons  was 
shown  by  Haynes  (Befi6  ).  He  observed  sharp  lines  close 
to  the  exoiton  energy  gap  in  low  temperature  luminescence 
spectra  of  silicon.  The  luminescence  was  due  to  the  radia¬ 
tive  decay  of  excitons  bound  to  a  variety  of  neutral  donor 
and  acceptor  centers.  Dean,  et  al.  (Ref 13  )  reported  weak, 
but  sharp,  absorption  bands  due  to  the  creation  of  excitons 
bound  to  neutral  donor  and  acceptor  centers  in  silicon. 

The  spectrum,  shown  in  Pig.  5»  included  a  zero-phonon  con- 

\ 

ponent  and  two  momentum  conserving  phonon-assisted  component. 
A  ..plltting  was  observed  for  the  acceptor-exciton  complexes, 


Pig.  5»  Bound  Excdt on-Acceptor  Spectrum  (Ref  13*722) 
Splitting  is  shown  by  subscripts  1  and  2. 

H- 


exoiton.  In  both  equations  (2)  and  (4) 
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as  is,  shown  in  Fig.  5«  The  magnitude  of  this  splitting 
was  found  to  he  proportional  to  the  localization  energy  of 
the  bound  exciton  and  therefore  to  the  ionization  energy  of 
the  acceptor. 

The  energy  required  for  the  creation  of  a  bound  exciton 
is  given  by 

v 

hu  «(Eg  -  G)  -El  +  £6^  (5) 

where  is  the  localization  energy  binding  an  exciton  to 
a  center.  .  Haynes  found  (Ref 16  s  362 )  that,  to  a  good  approx¬ 
imation,  the  energy  for  an  exciton  bound  to  a  neutral  Coulom- 
bic  center  is 


El  s  0.1  Ej  (6) 

where  Ej  is  the  ionization  energy  for  a  single  carrier 

j.  '■  > 

trapped  at  the  defeat. 

Exoitons  may  also  be  bound  to  ionized  donor  or  acceptor 

> 

impurities.  In  this  case  the  localization  energy  is  given  by 

\ 

€  Ej  (7) 

However,  theoretical  work  has  suggested  that  excitons 
*  bound  to  ionized  donor  or  acceptor  impurities  are  not  stable 
in  silicon  (Ref 17  $726). 

Zero-Phonon  Spectra 

Spectra  of  many  crystals  at  low  temperatures  consist 
of  narrow  absorption  and  emission  lines.  The  narrow  lines 

t 

are  -characterized  by  zero-phonon  lines  accompanied  by 

% 
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several  phonon-assisted  sidebands.  The  sidebands  arise 
during  the  emission  or  absorption  of  a  photon  and  the  sirnul- 
.  taneous  excitation  of  phonons .  A  sero-phonon  line  can  often 
be  recognised  as  such  by  its  extreme  narrowness,  and  can 
usually  be  proved  to  be  such  by  the  observation  of  an  emis¬ 
sion  and  absorption  line  at  the  same  frequency  (Hef  3V:  2^2); 
The  phonon  assisted  sidebands  formed  in  absorption  and  emis¬ 
sion  spectra  often  have  mirror  symmetry  about  the  sero-phonon 
line.  In  Pig.  6,  a  comparison’  of  the  emission  and  absorption 
spectra  of  diamond  exhibit  this  mirror  symmetry. 


Pig.  6.  Emission  and  Absorption  Spectra  of  Electron  Irradiated 
.  .  Type  Ha  Natural  Diamond  (Hef  39:188) 

Mirror  symmetry  about  sero-phonon  line  B. 

kero-phonon  lines  occur  in  the  optical  spectra  of 
defects  in  solids  in  much  the  same  way  that  narrovi,  re¬ 
coil-free  Iiossbauer  lines  appear  in  the  gamma  ray  spectra 

of  solids  (Hef  15:29*0.  Per  the  optical  case,  the  pho- 

% 

ton  supplies  energy  to  the  crystal  for  the  electronic 


GNE/FH/72-11 


transition.  There  is  a  displacement  recoil  associated 
with  this  transition  as  the  neighbor ing  atoms  relax  to 
new  equilibrium  positions.  The  displacement  recoil  in¬ 
volves  the  excitation  of  several  vibrational  modes  of  the 
'brystal  or  phonons  vrhich  shift  and  broaden  the  absorp¬ 
tion  peak.  The  states  of  excitation  are  quantized  so  there 
is  a  finite  probability  that  no  mode  will  be  excited. 

This  is  the  case  resulting  in  a  zero-phonon  line  that  is 
nelthor  displaced  nor  broadened  by  energy  transfered  to 
the  lattice  modes. 

The  absorption  spectrum  will  consist  of  a  series 
of  lines  at 


E^  =  E0  +  (8) 

where  EQ  is  the  2ero-phonon  transition  energy  and  i  des¬ 
ignates  the  phonon  branch  (TA,  TO,  etc.).  For  the  emission 
spectrum  the  series  of  lines  is  given  by 

El  8  E0  -  ^  (9) 

If  an  exclton  is  weakly  bound  to  a  defect,  then 
phonon-assisted  transitions  must  predominate  (Ref 12  s 190) • 

The  phonons  involved  will  be  the  TA  and  TO  phonons  seen  in 
the  intrinsic  absorption  edge.  At  an  Intermediate  amount 
of  exci ton-center  coupling,  the  relative  intensity  of  the 
zero-phonon  line  will  increase.  When  the  exclton  becomes 
tightly  bound,  phonon-assisted  transitions  again  predominate. 

t 

The  phonon-assisted  sideband  structure  may  then  contain 
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a  series  of  evenly  spaced  peaks  corresponding  to  elec-  '  ’ 

* 

tronic  transitions  in  which  one,  two,  or  more  phonons 
are  simultaneously  emitted  (Ref  12:190),  For  silicon  . 
multiples  of  the  TA  phonon  would  be  expected  (Ref  21:180), 
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IV,  Electron  Badlatlon  Damage  in  Silicon 

Discussed  in  this  section  are  the  defect  produc¬ 
tion  meohanisms,  the. methods  for  studying  these  defects,' 

•  » 

and  some  of  the  known  defects  in  silicon. 

Defect  Production 

Defects  in  the  perfect  silicon  crystal  lattice  in- 

,  *  i 

elude  the  chemical  impurites  such  as  group  III  or  group 
V  dopants,  oxygen,  and  carbon,  and  the  structural  imper¬ 
fections  created  during  the  crystal  growth  process.  Other 
point  defects  such  as  vacancies  and  interstitials  can  be 
induced  in  the  crystal  by  the  bombardment  with  high  energy 
particles.  If  the  energy  of  the  particle  is  high  enough, 
Frenkel  defects  or  more  complex  defects  such  as  the  di vac¬ 
ancy  may  be  formed.  Since  the  simple  radiation  damage 
defects  such  as  vacancies  are  mobile,  even  at  low  temp¬ 
eratures,  more-  complicated  defect  structures  result. 

These  .complexes  are  formed  with  the  other  structural 
imperfections  and  chemical  impurities.  This  completing 
of  defects  complicates  the  investigation  of  the  defect 
structure  of  the  crystal. 

The  high  energy  particles  such  as  electrons  and  neu¬ 
trons  collide  with  the  lattice  and  transfer  energy  to  the 
lattice.  If  this  energy  is  greater  than  the  displacement 
energy,  3^,  atoms  are  displaced. 

In'  electron  irradiation,  the  damage  Is  caused  by 
electron-nuclei  scattering  due  to  Coulomb  Interaction. 

The  maximum  energy* that  can  be  transferred  to  a  lattice 
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atom  by  a  relativistic  electron  is 

•'  .  EAmax  =  2Ee  (Ee  +  2bo02)A1o2  -(10> 

where  E.  and  mft  are  the  energy  and  rest  mass  of  the 
electron*  M  is  the  mass  of  the  struck  atom*  and  c  is  the 
speed  of  light.  The  maximum  energy  that  can  be  transferred 
to  a  silicon  atom  by  1  HeV  electrons  is  155  eV.  Cahn 
(Ref  8  s  13H)  calculated  the  average  number  of  displaced 
atoms  per  1  KeV  electrons  to  be  less  than  1  for  an  E<j  of 
30  eV.  The  damage  .produced  by  electron  irradiation  is 
not  uniform  unless  very  thin  samples  are  used.  To  over¬ 
come  this  disadvantage,  the  samples  used  in  this  study  were 
irradiated  to  equal  fluences  on  both  sides.  A  damage  pro¬ 
file  will  be  given  in  the  next  section. 

Methods  of  Defect  Study 

As  mentioned  before,  there  is  no  one  technique  cap¬ 
able  of  providing  all  the  necessary  Information  about 
a  defect.  It  is  necessary  to  take  data  from  several  types 
of  measurements  to  obtain  a  complete  picture  of  the  rad¬ 
iation  damage  process.  Each  of  the  different  techniques 
has  its  own  advantages  and  disadvantages,  and  thus  its  own 
region  of  application.  Techniques  such  as  photoconductivity 
electron  spin  resonance,  luminescence,  and  optical  absorp¬ 
tion  have-  been  used  for  studying  defects  in  irradiated 
silicon. 

In  photoconductivity  studies,  the  conductivity  of  the 
% 

sample  is  measured  as  it  is  illuminated  with  monochromatic 
light.  As  the  photon  energy  varies,  steps  in  the  conduc- 
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tlvity  occur  which  correspond  to  the  onset  of  transitions 
Into  the  valence  or  conduction  band.  The  photon  energy 
for  which  the  step  occurs  gives  the  energy  of  the  defect 
level  measured  from  a  band  edge.  Photoconductivity  meas- 

j!  • 

urements .therefore  can  only  give  information  on  electronic 
transitions  to  a  band  and  are  of  no  value  in  studying  elec¬ 
tronic  transitions  between  bound  energy  states. 

In  the  absorption" technique,  the  photon  energy  of 
the  incident  light  can  cause  electronic  transitions  to 
excited  states  of  a  defect,  electron  transitions  to  a  band 
edge,  and  the  excitation  of  the  local  modes  of  the  defect. 
This  technique  requires  that  the  concentration  of  the  defects 
be  on  the  order  of  lO1^  per  cm^  to  1018  per  ciP  (Ref  10:^5) 
for  electronic  transitions.  Transitions  to  and  from  the 
ground  state  of  the  defect  are  dependent  on  the  position 
of  the  Perm!  level.  The  Fermi  level  must  lie  below  the 
ground  state  in  order  to  observe  transitions  from  the  val¬ 
ence  band  into  the  ground  state.  Transitions  out  of  the 
ground  state  into  the  conduction  band  or  into  higher  ex¬ 
cited'  states  requires  the  Fermi  level  to  be  above  the 
ground  state.  Information  on  determining  which  bands  belong 
to  "the  same  defect  and  the  identification  of  the  defect 
may  be  accomplished  by  two  methods.  One  method  is  to  study 
the  annealing  behavior  of  the  absorption  bands.  The  other 
is  to  measure  the  intensity  of  the  bands  as  a  function  of 

radiation  dose  or  impurity  concentration.  Additional  in- 

% 

formation  may  be  obtained  by  applying  uniaxial  stress  to 
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the  sample  while  illuminating  it  with  polarised  light 
and  measuring  the  change  in  absorption. 

To  identify  radiation  defects,  electron  spin 
resonance  has  been  the  most  useful  tool.  In  this  tech- 
.  nlque,  the  interaction  between  the  electronic  magnetic 
moments  and  a  static  magnetic  field  is  studied.  Res¬ 
onance  patterns  occur  as  a  function  of  the  crystallo¬ 
graphic  orientation  relative  to  the  static  magnetic  field. 
The  symmetry  of  the  defect  structure  can  be  deduced  from 
these  patterns.  The  defect’s  energy  levels  are  estimated 
by  observing  the  change  in  the  resonance  patterns  while 
the  Fermi  level  is  passed  through  the  defect  level. 

Recombination  luminescence  is  limited  to  the  studv 
of  defects  in  which  a  trapped  carrier  recombines  through 
a  radiative  2>rocess,  as  opposed  to  a  non  radiative  process. 
Radiative  transitions  occur  either  through  band-to-band 
recombination  or  through  the  defect  energy  levels. 

Known  Defects  in  Irradiated  Silicon 

The  primary  defects  produced  by  high  energy  radi¬ 
ation  in  silicon  are  vacancies  and  interstitials.  How¬ 
ever,  the  vacancy  and  interstitial  are  mobile  at  very  low 
temperatures  and  can  move  through  the  crystal  to  form  more 
complicated  defect  structures.  These  include  the  divacancy 
and  the  impurity- vacancy  complex. 

When  a  lattice  vacancy  is  formed  by  the  radiation 
•  'damage  event,  an  interstitial  must  also  be  formed.  How¬ 
ever,  there  lias  been  no  direct  evidence  for  the  isolated 
interstitial  atom,  Watkins  (Ref  3 6:72)  h&s  suggested  that 
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the  interstitial  is  mobile  even  at  4,2°K.and  has  presented 
a  model  to  aooount  for  the  disappearance  of  the  isolated 

,i 

silicon  interstitial. 

j  The  isolated  vacancy  has  been  observed  by  Watkins 

i  *  J  ‘  i  ' 

O^ef  36:68)  using  the  electron  spin  resonance  technique. 

Since  the- vacancy  is  mobile  at  low  temperatures,  it  can 

'*  / 

join  with  impurity  atoms  to  form  impurity-vacancy  com¬ 
plexes  such  as  the  A  center  and  E  center. 

.The  A  oenter  is  a  vacancy-oxygen  complex  (Ref  10*75)* 
When  the  vacancy  is  trapped  by  oxygen,  the  previously  in¬ 
terstitial  oxygen  fills  the  vacancy  site  and  thereby  be¬ 
comes  substitutional.  This  center  has  been  found  in  both 
pulled  and  float  zone  irradiated  silicon  (Ref5,ll,38  ). 

The  A  center  concentration  Increases  with  integrated  bombard 
Ing  flux,  as  long  as  there  remains  sufficient  interstitial 
oxygen  with  which  the  vacancy  may  combine. 

The  E  center  is  a  vaoancy-phosphorus  complex  and 
found  mainly  in  float  zone  material  (Ref  37)*  In  this 
case  the  vacancy  is  trapped  next  to  the  substitutional 
phosphorus  and  the  vacancy  site  is  not  filled. 

The  divacancy  is  produced  either  directly  in  the  ra¬ 
diation  damage  event  or  indirectly  .by  a  combination  of 
two  mobile  vacancies.  Formation  of  the  divancancy  is 
enhanced  by  the  presence  of  oxygen  and  carbon  (Ref  *7^5)* 
Other  defects  have  been  detected  for  which  there  are 

no  firmly  established  structural  models.  Such  a  defect, 

% 

*.  the  K  center,  is  found  only  in  pulled  silicon  and  is  thus 
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assumed  to  bo  dependent  on  oxygen  for  its  formation  (Ref  1) 
Previous  Results 

•  This  section  contains  the  previously  reported  restilts 
from  absorption  and  luminescence  spectra  which  occur  in 
the  spectral  range  examined  in  this  project  One  absorp- 
tlon  spectrum  and  two  luminescence  spectra  are  shown.  A. 
table  is  Included  containing  reported  values  with  which  to 
compare  the  results  obtained  in  this  study. 

Absorption  Studies.  Bean*  et  al.  (Hef  4)  reported  a 
sharp  line  absorption  spectrum  of  two,  high  resistivity, 
p-type  pulled  silicon  samples  irradiated  with  5x1 e/cm2. 
The  spectrum  was  recorded  at  liquid  nitrogen  temperature 
using  the  differential  technique.  This  technique  employed 
the  use  of  two  samples  of  the  same  thlcicness.  One  sample, 
which  had  been  Irradiated,  was  mounted  In  a  liquid  nitrogen 
dewar  and  placed  In  the  sample  compartment  of  a  double  beam 
grating  Grubb  Parsons  Spectromaster  (Hef  29:1495).  An  un- 
Irradiated  sample  of  high  purity  prepared  by  the  float  zone 
technique  was  mounted  In  another  liquid  nitrogen  dewar  and 
placed  in  the  reference  compartment,  Por  this  spectrometer 
arrangement,  white  light  falls  on  the  samples  (Hef  4: 741). 

In  the  differential  technique  the  intrinsic  absorption  is 
completely  eliminated  from  the  recorded  spectrum.  The  spec¬ 
trum  of  two  different  samples,  of  varying  carbon  content  is 
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lg.  7,  Relative  Transmission  of  Irradiated.  Silicon  (Ref  Qi^o) 
Continuous  curve  is  for  sample  with  carbon  content  of 
per  cm3. 

Dashed  curve  is  for  sample  with  carbon  content  less  than 
10--7  per  cm3. 

The  authors,  however,  did  not  recognise  the  sharp  lines 
at  a  (1.26  microns)  and  c  (2.5^  microns)  as  aero-phonon  lines. 
The  energies  of  these  lines  correspond  to  the  energies  at 
which  aero-phonon  lines  are  seen  in  luminescence  spectra 
at  liquid  nitrogen  temperature  (Ref.  22,33»^1).  The  phonon-as¬ 
sisted  sideband  structure  in  the  absorption  spectrum  is 
.on  the  high  energy  side  of  the  aero-phonon  lines  a  and  c. 

The  broad  band  at  b  (I.69  microns)  and  the  structure  at  d 


„GNS/PH/72-ll 


(3,3  microns)  had  previously  been  seen  in  absorption  spectra  . 


i>y  Chens  et  al.  (Ref  9)  and  associated  with  the  di vacancy. 

•  nescence  Studies.  Pig.  8  shows  a  luminescence 

spectrum  of  irradiated  silicon  reported  'by  Panin  et  al.  (Ref  30). 


phonon-assisted  sideband  with  major  peaks  at  0.478  eV  (B1), 
0.471  e7  (32),  and  0.456  eV  (315).  This  spectrum  was  ob¬ 
served  for  n-  and  p-  type  samples  of  varying  oxygen  content. 


The  luminescence  spectrum  shown  in  Pig.  9  was  reported 
•  by  Jones  and  Compton  (Ref  22)  for  an  n-type  (phosphorus  doped) 
pulled  silicon  sample  irradiated  with  10"?  e/cm2  at  2.5  1 -eV • 
Jones  and  Compton  identified  sero-phonon  lines  at  0,71?  e^* 
(A),'  0.724  cV  (3),  0.790  eV  (C),  0.795  eV  (D),  0.898  eV  (B). 
0,941  eV  (?),  and  0.970  eV  (C-).  The  broad  structures  to 
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the  'left  of  the  strong  lines  C  and  G  are  the  phonon  assis¬ 
ted  sidebands.  The  peak  at  0.9^1  (p)  was  seen  only  in 

a  few  samples  whereas  the  other  structure  between  0.80  eV 
and  1.0  eV  always  occurred  in  the  same  intensity  ratios 
independent  of  any  impurities  (Ref  22:83).  The  structure 
below  0.80  eV  was  not  seen  in  float -2 one  samples. 

As  seen  in  ?ig.  9»  the  zero-phonon  lines  C  and  D 
form  a  doublet.  Jones  found  (Ref  21:180)  that  the  inten¬ 
sity  of  the  line  at  0.795  eV  (D)  was  related  to  the  line 
at  0.790  cV  (G)  by  a  Boltzmann  factor.  The  high  tempera¬ 


ture  intensity  ratio  was  1:1 


(Ref  22:83). 


He  concluded 


% 


27 
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that  the  lines  are  related  to  two  levels  of  the  initial 
state  of  the  luminescence,  i.e„  the  excited  states. 

The  two  luminescence  spectra  in  .Figs.  8  and  9  will 
be  compared  with  the  absorption  spectra  obcained  in  this 
study. 

Table  I,  though  not. all  inclusive,  lists  some  pre¬ 
viously  reported  aero-phonon  lines  which  occur  in  the  spec¬ 
tral  range  of  this  study.  The  table  Includes  the  tempera¬ 
ture  at  Which  the  spectrum  was  recorded.  Some  of  the  energy 
locations,  which  were  not  listed  in  the  text  of  the  refer¬ 
ence,  were  measured  from  the  appropriate  spectrum. 
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Table  I . 

Luminescence  Zero-Phonon  Lines 

Note:  Legend  for  table 
n-n-type  silicon 
p-p-type  silicon 
C-Czochralslci  grown  silicon 
P-float  zone  grown  silicon 
e-electron  bombardment 
...  y-Cobalt-6o  gamma  ray  bombardment 
•  LH-liquid  helium 


Line 

Material 

class 

Temperature 

<°K) 

Irradiation 

source 

Reference0, 

0.971 

npCF 

6.8  - 

>' 

33 

0.971 

np 

20.4 

e 

30 

0.970 

nuCP 

11.8 

e 

20 

0.970 

npCF 

34 

e 

22 

0.969 

nC 

LH 

e 

b 

0,967 

npC 

80 

y 

^4o 

0.797° 

np 

80 

y 

.  6 

0.795 

npC 

34 

e 

22 

0.795 

npC 

11.8 

e 

20 

0.794 

nG 

LH 

e 

b 

0.794 

nC 

6.8 

Y 

33 

0.791 

npC 

6.8 

Y 

33 

0.790  . 

nuC 

11.8 

e 

20 

0.790 

npC 

34 

e 

22 

0.790° 

np 

80 

y 

6 

0.790 

nC 

LH 

e 

b 

0.490 

np 

20,4 

e 

30 

0.489 

nC 

LH 

e 

b 

0.488 

np 

80 

y 

4l 

a:  refer  to  reference  in  bibliography 

.  b:  unpublished  data  by  Spry  uslns  sample  from  same  boule 
used  in  this  project 

c:  line  was  not  seen  until  annealing  at  300°C 


Equipment  and  Procedures 

General  Description  * 

The'  experiments  reported  In  this  thesis  Involve  the 
measurement  of  absorption  spectra  of  Irradiated  silicon. 

■An  overall  description  of  the  experiment  is  presented 
here,  with  more  detailed  procedures  being  given  in  the 
sections  to  follow. 

The  samples  used  were  out  from  one  Czochralski  and 
one  float-zone  grown  single  crystal  boules  of  silicon. 

The  optical  surfaces  were  polished  and  then  trimmed  to  a 
specified  size  depending  on  the  measurement  technique  to 
be  used. 

The  samples  were  irradiated  with  1  MeV  electrons 
from  a  Van  de  Gruaff  generator. *  By  passing  cooling  water 
through. the  sample  holder,  the  irradiations  we re  performed 
at  2?°  C,  To  ensure  that  damage  was  nearly  uniform  through¬ 
out  the  samples,  each  sample  was  irradiated  equally  on  both 
sides.  The  fluence  to  which  each  side  was  irradiated  was 
calculated  from  the  average  beam  current,  area  of  the  beam 
spot,  and  the  total  irradiation  time. 

To  obtain  optical  absorption  measurements,  the  sam¬ 
ples  were  mounted  on  a  cold  finger  in, an  evacuated  dewar. 

The  initial  measurement  was  made  using  the  differential 
technique  at  liquid  nitrogen  temperature.  The  rest  of  the 
measurements  were  made  with  a  liquid  helium  dewar  using 
the  single  beam  technique.  The  dewar  was  placed  In  the 
sample  compartment  of  a  double  beam,  Cary,  Model  14  HI 
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Recording  Spectrophotometer.  The  output  signal  was  pre- 

*  '  V 

sented  on  a  strip  chart  recorder. 

I 

The  recorder  indicated  the  absorbanoe  (log  0 )  as  a 

I 

function  of  wavelength.  After  subtracting  off  the  base¬ 
-line  absorbance  values,  the  set  of  data  was  punched  on 
computer  cards.  The  computer  converted  wavelength  values 
to  energy  and  generated  an  absorption  spectrum  through  a 
plotting  subroutine. 

Sample  Preparation 

Slices  of  silicon  were  out  from  the  two  boules  with 
a  diamond  saw.  Each  face  was  polished  with  0.5  micron 
diamond  paste.  The  slices  were  trimmed  to  specified  sizes 
and  the  cut  samples  marked  with  a  letter  designation  and 
an  arrow  which  was  used  to  indicate  the  orientation  of  the 
sample.  The  theoretical  per  cent  transmission  is  given  by 
(Ref  2 7  ;1^) 

T  =  2n-  (11) 

1  +  Ylc 

where  n  is  the  refractive  index  of  silicon.  The  value  of 
n  used  was  3*^  (Ref  18:^39).  A  value  of  53*8#  transmis¬ 
sion  was  obtained  experimentally  for  the  samples  which  com¬ 
pares  well  with  the  theoretically  calculated  value  of  53«6$. 
Thus  the  faces  of  the  samples  were  polished  to  give  the 
theoretical  per  oent  transmission. 

The  dimensions  of  samples  A  and  B  were  14.5  mm  x  9.5  mm 
and  5»?^  mm  thick.  These  samples  were  purposely  cut  to  this 

t 

thickness  to  initially  check  if  the  absorption  bands  oould 
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be  detected  by  the  Cary  Spectrophotometer  utilizing 
the  differential  technique. 

It  was  determined  that  the  use  of  the  differential 
technique  at  7 9°K  was  no  more  advantageous  than  the  single 
beam  method  since  there  was  no  difference  in  the  spectra 
recorded  using  either  method.  Use  of  the  single  beam  method 
enabled  measurements  to  be  made  at  liquid  helium  tempera¬ 
tures.  However,  difficulties  were  encountered  in  mounting 
sample  A  in  the  liquid  helium  dewar.  The  sample  was  so 
thick  that  the  brass  thermal  radiation  shield  would  not 
fit  over  the  cold  finger.  Instead,  a  piece  of  aluminum  foil 
was  wrapped  around  the  cold  finger  to  serve  as  a  shield. 
Also,  the  temperature  measuring  diode  could  not  be  placed 
directly  on  the  thick  sample  but  had  to  be  mounted  on  the 
opposite  side  of  the  cold  finger. 

With  the  encouraging  results  shown  at  liquid  helium 
temperature  utilizing  the  single  beam  method,  the  rest  of 
the  samples  vrere  cut  to  final  dimensions  of  9  mm  x  9  ram  and 
thicknesses  less  than  2  mm.  A  sample  thickness  of  less  than 
2  mm  was  used  so  that  the  damage  profile  would  be  more  uni- 
form.  The  damage  profile  produced  by  1  MeV  electrons  is 
a  function  of  the  electron  range  in  silicon.  Pig.  10  shows 
the  damage  profile  produced  in  a  piece  of  silicon  where  both 
sides  are  irradiated  to  equal  flrences.  The  divacancy  pro¬ 
duction  per  cm  was  used  since  this  defect  is  the  hardest  to 
produce. 
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Fig.  10.  Silicon  Damage  Profile  for  1  I-ieV  Electrons 
Data  from  Corbett  (Ref  10:74).  Each  side 
irradiated’  to  same  fluence.  Profile  is 
composite  of  the  two  curves. 
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•  Table  II  lists  pertinent  Information  about  the  samples 
used  In  these  experiments. 

Table  II 

Silicon  Sample  Histories 

'Note*  All  samples  were  n-type  (phosphorus  doped)  manu¬ 
factured  by  Monsanto. 


r 

Desig¬ 

nation 

Growth 

method 

Thickness 

(mm) 

Resistivity 

(ohm-cm) 

Electron 
fluence  . 

(xlO**™e/cm2) 

A 

pulled 

5.74 

40 

4.6 

B 

pulled 

5.74 

40 

none 

E 

pulled 

1.73 

40 

0.5-7. 6 

H 

pulled 

1.68 

40 

5-7.6 

0 

pulled 

I.69 

40 

4 

X  . 

float  zone 

1.89 

120 

2-4 

z 

float  zone 

0.68 

120 

4-6 

Sample  Irradiation 

The  samples  were  irradiated  with  1  KeV  electrons  from 
the  Aerospace  Research  Laboratories  Van  de  Graaff  elec¬ 
trostatic  generator.  The  samples  were  held  in  place  by 

2  copper  clips  which  were  attached  by  screws  to  the  alum- 

.  \ 

inum  sample  holder.  The  sample  holder  was  cooled  by  water 
tubes  connected  to  the  closed-cooling  system  of  the  Van  de 
Graaff  diffusion  pump.  The  sample  temperature  was  moni¬ 
tored  by  a  chromel-alumel  thermocouple  bead  which  wa s 
inserted  into  a  small  hole  drilled  half  way  into  the  sample 
holder.  The  hole  was  1/8  inch  from  the  sample  holder  face, 

% 


34 
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Pig.  U  shows  a  schematic  of  .the  irradiation  sample 
holder. 


Pig.  11,  Irradiation  Sample  Holder 


The  samples  were  irradiated  using  a  beam  current  of  20 
microamperes.  The  temperature  of  the  sample  remained 
about  above  room  temperature.  When  the  leading  edge 
of  the  sample  holder  was  placed  about  3  mm  from  the  beam 
•  port,  the  electron  beam  diameter  was  5  corresponding  to 
an  area  0.196  cm2.'  Because  of  this  small  beam  area,  the 
sample  holder  had  to  be  positioned  accurately  to  give  a 
beam  spot  directly  In  the  center  of  the  sample.  This  was 
accomplished  by  first  rough  aligning  the  sample  holder 
with  no  sample  attached.  A  piece  of  osalid  paper,  the  sise 
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of  the  sample,  was  placed  in  the  center  of  the  holder  and 
'•exposed'1  to  the  beam  for  10  seconds.  The  paper  was 
"developed"  by  holding  it  In  ammonia  .vapor.  The  sample  was 
.  then  attached,  and  another  piece  of  osalid  paper  cut  to  the 
size  of  the  sample  was  placed  over  the  sample.  A  piece  of 
thread  was  attached  to  one  corner  so  that  after  the  paper 
was  exposed.  It  could  be  removed  without  disturbing  the 
position  of  the  sample  holder.  The  time  of  exposure  of 
the  ozalid  paper  while  on  the  sample  was  included  In  the 
total  Irradiation  time.  Each  side  of  the  sample  was  ex¬ 
posed  to  the  full  fluence  value  so  that  the  damage  would 
be  more  uniform. 

The  loss  in  beam  energy  was  calculated  to  be  12  KeV. 

•  A  10  KeV  loss  resulted  when  the  beam  passed  through  a  1 
mil  thick  aluminum  foil  (Ref  28:14)  on  the  end  of  the  beam 
port  and  a  2  KeV  loss  when  it  passed  through  15  mm  of  air 
(Ref  28:21)  before  reaching  the  sample  face.  The  beam 
current  was  monitored  by  attaching  a  lead  to  the  Van  de 
Graaff  beam  port  and  another  to  the  sample  holder.  In  this 
way  the.  sample  holder  also  functioned  as  a  Faraday  cup  for 
collecting  the  Incident  electron  beam. 

The  fluence  to  which  each  cample  side  was  exposed  was 
calculated  as  follows: 

<t>  «  6,24  x  1012  3t  ( 3 

A 

where  <j> is  the  electron  fluence  in  electrons/cm2,  3  Is  the 
average  beam  current  during  irradiation  In  microamperes, 
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t  is;  total  irradiation  time  ifa  seconds,  A  is  the  area  ' 

•of  "beam  spot  in  cm**,  and  6,24x10^**  is  a  conversion  factor 
(Ref  24:31). 

After  irradiation,  the  samples  were  placed  in  con- 
\talners  and  immersed  in  a  mixture  of  dry  ice  and  isopro¬ 
pyl  alcohol  to  arrest  room  temperature  annealing.  The 
temperature  of  this  mixture  was  about  195°  K.  The  samples 
remained  in  this  solution  at  all  times  except  for  optical 
absorption  measurements  and  further  irradiations, 

Dewars 

Liquid  Helium  Dewar,  The  liquid  helium  research  dewar 
used  in  this  experiment  was  a  standard  ’  fixed  temperature 
dewar  with  a  hollow  copper  cold  finger  made  by  Sulfrian 
Cryogenics,  Inc,,  Rahway,  New  Jersey.  Sapphire  windows 
were  installed  in  the  entrance  and  exit  ports  of  the  tail 
section,  A  copper  platelet  with  a  6  mm  square  hole  cut  out 
of  the  center,  was  used  as  a  mount  for  the  sample,  A  piece 
of  aluminum  foil  with  a  4  mm  diameter  hole  cut  out  was 
used  to  mask  a  small  area  of  the  .sample.  The  mask  was 
mounted  between  the  cold  finger  and  copper  platelet  with 
each  surface  coated  with  a  thin  layer  of  silver-loaded 
vacuum  grease. 

After  the  platelet  and  mask  were  attached  to  the  cold 
finger,  the  silicon  sample  was  removed  from  the  dry  ice- 
alcohol  solution  and  mounted  with  silver-loaded  vacuum 
grease,  A  phosphor-bronze  clip  was  attached  to  the  bottom 
of  the  cold  finger’  to  keep  the  sample  from  slipping  down 
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when  the  dewar  was  in  the  upright  position.  Another  clip, 
which  had  the  gallium-arsenide  diode  espoirled  on  it,  was 
positioned  to  rest  on  the  sample,  bub  not  in  the  path  of 
Incident  radiation,  as  shown  in  Pig.  12.  The  diode  clip 
was  attached  to  the  cold  finger  with  a  screw  which  also 
held  the  copper  platelet  secure. 


Pig.  12  Sample  Mounting 


Liquid  Nitrogen  Dewar.  The  liquid  nitrogen  dewar 
used  in  this  experiment  was  manufactured  by  the  Air  Force 

Materials  Laboratories  Metal  Shop.  Sapphire  windows  were 

/ 

used  in  the  entrance  and  exit  ports  of  the  tall  section. 
The  sample  was  mounted  on  a  copper  platelet  with  aluminum 
mask  as  in  the  helium  dewar.  However,  the  temperature 
was  monitored  by  a  coppcr-constantan  thermocouple  bead 
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soldered'  to  the  copper  platelet. 

•Absorption  ileasurements 

Liquid  Helium.  When  an  equilibrium  temperature  was' 
reached,  usually  about  9~10°K,  the  dewar  was  placed  In  the 
sample  compartment  of  the  Cary  Spectrophotometer.  An  alum¬ 
inum  cylinder  7  a1  Inches  high  was  made  to  support  the  dewar. 

This  gave  an  accurate  alignment  of  the  dewar  in  the  center 

/ 

of  the  incident  beam.  A  plate  with  the  same  size  mask  was 
placed  In  the  reference  compartment. 

A  constant  current. of  10  microamperes  was  supplied  to 
the  temperature  measuring  diode  and  the  change  in  resis¬ 
tance  was  monitored  by  a  voltage  reading  from  a  Leeds  and 
Northrup  Volt  Potentiometer.  The  reading  was  converted 
to  a  temperature  value  from  the  diode  calibration  data 
supplied  by  Lake  Shore  Cryotronlos,  Inc.,  Eden,  New  York, 
Liquid  Nitrogen.  The , temperature  was  allowed  to 
reach  equilibrium,  usually  78-79°  K  and  then  the  dewar 
was  mounted  on  a  flat  aluminum  plate  which  fit  over  the 
sample  compartment  of  Cary  Spectrophotometer.  The  room 
temperature  plate  with  same  slse  mask  was  placed  In  the  ref¬ 
erence  compartment.  Temperatures  were  monitored  period¬ 
ically  by  recording  readings  from  a  Leeds  and  Northrup 
Volt  Potentiometer.  These  were  converted  to  temperature 
values  from  a  standard  thermocouple  conversion  table. 

Independent  of  which  dewar  was  used,  an  Initial  scan 
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was  run  at  100^  /sec  from  3»0  microns  until  an  absorbance 
value  of  2  was  reached.  Then  a  scan  at  25A  /sec  was  run 
while  recording  the  slit  width  readings  at  each  of  the 
sharp  absorption  bands.  Scans  at  slower  speeds  consis¬ 
tent  with  the  Instrumental  resolution  were  run  at  the 
regions  of  the  prominent  absorption  bands,  A  determination 
of  the  scanning  speed  is  given  in  the  next  section. 
Spectrophotometer 

Absorption  speotya  of  irradiated  silicon  samples  were 

obtained  with  a  Cary,  Model  14  HI  Recording  Spectrophoto- 

* 

meter.  The  instrument  was  manufactured  by  Applied  Physics 
Corporation,  Monrovia,  California,  a  Varlan  Subsidiary, 

A  simplified  optical  system  schematic  is  shown  in  Fig.  13, 
The  IR  No,  1  (Infrared,  Number  1)  mode  of  operation  was 
employed  in  obtaining  all  spectra  in  this  experiment. 

In  the  IR  No.  1  mode  of  operation,  energy  from  a 
Halogen  quartz  lamp  was  dispersed  by  a  double  monochro- 
mater  consisting  of  a  30°  fused  silica  prism  in  series 
with  a  6 00  line/mm  echelette  grating.  The  monochromatic 
radiation  alternately  passed  through  the  reference  and 
sample  compartments.  The  optical  energy  of  the  reference 
beam  striking  the  lead  sulphide  detector  was  maintained 
constant  by  an  automatic  slit  servomechanism.  The  optical 
energy  of  the  two  beams  striking  the  detector  were  con¬ 
verted  to  an  eleotrical  signal,  amplified,  and  th  ratio 

of  the  sample- to-reference  signal  was  presented  on  a 

% 

strip-chart  recorder.  The  detailed  operation  of  this 
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spectrophotometer  can  be  found  in  the  instruction  book 
for  the  Cary,  Model  14  RI  (Ref  2  )• 

Standard  instrument  settings  were  used  to  obtain  the 
IR  No.  1  mode  of  operation.  The  four  adjustable  control 
Settings  are  described  in  the  following  paragraphs. 

The  Balance  Control  was  initially  set  for  an  approx¬ 
imately  zero  absorbance  reading  when  the  liquid  nitrogen 
dewar,  without  a  sample,  was  placed  on  the  sample  compart¬ 
ment.  A  plate,  with  an  aluminum  mask  with  4  mm  diameter 
hole  cut  in  the  center,  was  placed  in  the  reference  com¬ 
partment.  The  strip  chart  recording  of  this  absorbance 
versus  vravelength  was  the  baseline  spectrum.  However, 
when  measurements  were  taken  at  liquid  helium  temperatures 
the  absorption  bands  of  the  sample  were  off  scale.  The 
Balance  Control  was  set  to  bring  these  bands  on  scale. 

This  in  effect  set  up  a  new  baseline  which  had  to  be  re-  • 
corded  at  liquid  helium  temperature.  This  was  done  In  the 
same  manner  as  was  previously  described.  Since  it  was 
possible  to  also  make  measurements  at  liquid  nitrogen 
temperature  with  the  liquid  helium  dewar  the  small  liquid 
nitrogen  dewar  was  no  longer  used. 

The  voltage  setting  for  the  energy  source  transformer 
was  70  volts.  This  setting  was  used  for  it  was  found  ex¬ 
perimentally  to  give  the  best  instrumental  resolution. 

The  Slit  Control  Knob  was  set  at  a  zero  sotting  on 

the  instrument  panel.  This  knob  controlled  the  signal  amp 

% 

lificatior.  for  the  automatic  slit  control  servomechanism. 
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As  mentioned  before,  the  optical  energy  of  the  reference 
beam  striking  the  detector  was  maintained  constant  by 
automatically  opening  or  closing  the  slits. 

The  Slit  Height  Knob  actuated  a  mask  which  allowed 
continuous  slit  height  adjustment  from  a  maximum  of  20  mm 
to  a  minimum  of . 7  mm.  The  slit  servomechanism  automat-  • 
ically  adjusted  the  slit  width  to  maintain  constant  energy 
striking  the  detector.  The  aperture  area  remained  constant 
so  that  the  20  mm  slit  height  resulted  in  a  smaller  slit  width. 
A  smaller  slit  width  in  turn  resulted  in  a  better  instru¬ 
mental  resolution.  This  control  was  initially  set  at  a 
setting  of  7  mm  for  the  first  spectra  recorded  for  sample 
A.  After  that  it  was  set  at  20  mm  for  the  remainder  o*,  the 
experiment  to  optimise  the  Instrumental  resolution. 

The  instrumental  resolution  for  the  two  slit  heights 
are  plotted  in  Pig.  14.  The  values  were  determined  by 
taking  the  slit  width  reading  in  mm  at  a  specified  wave¬ 
length  and  multiplying  by  the  reciprocal  dispersion  as  read 
from  the  Resolution  Data  curve  in  the  Cary  instruction  book 
(Ref  2). 

The  spectrophotometer  was  calibrated  with  the  10, 140A 

and  i5,295A  mercury  lines  from  a  Pen-Ray  qiaarts  lamp.  The 

0 

wavelength  scale  was  found  to  be  high  by  a  vlue  of  4A  at 
1.01  microns  and  3A  at  1.53  microns.  The  wavelength  read¬ 
ings  recorded  from  the  strip  chart  recording  wore  corrected 
by  subtracting  %.  Since  the  half  widths  of  the  mercury 
lines  are  much  smaller  than  the  typical  resolution  values 
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Pig,  14  Instrumental  Resolution  for  Different  Slit  Heights 

measured  in  this  study,  a  measurement  of  the  half widths 
of  these  lines  will  give  the  instrumental  resolution. 

The  measured  halfwidths  for  the  two  mercury  lines  are 
shown  in  Pigs.  15  and  1 6  along  with  the  calculated  in¬ 
strumental  resolution  values.  The  resolution  in  &  is 
plotted  against  slltwidth  in  mm  and  extrapolated  to  the 
longest  value  of  the  slltwidth  used.  The  ratio  of  the 
measured  resolution  (mercury  line)  to  the  calculated  reso¬ 
lution  was  used  as  a  correction  factor  for  the  resolutions 
given  in  Pig.  14. 


'  _ SLITWID-TH  -(mm)  _  • _ _ 

Fig.  15.  Experimental  and  Calculated  Eesolution  for  1Q140.A-  Line 


0-2  0.3  ...  -  0.4  0.5  0.6  '  0.7 
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Experimental  and  Calculated  Resolution  for  1^295A  Line 
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According  to  Seshadri  and  Jones  (Ref31:1039)  a 
distortion  is  introduced  into  the  shape  of  an  infrared 
absorption  band  by  an  RC  filter  network.  The  qualitative 
results  from  their  analysis  is  that  an  increase  in  the  . 
scanning  speed  reduces  the  relative  peak  height  value, 
broadens  the  absorption  band,  and  displaces  the  band  max¬ 
imum  in  the  direction  of  scan. 


Fig.  17,  Distortion  in  Gaussian  Profile 
(Ref  31) 


This  distortion,  as  shown  in  Fig.  17,  is  characterized  by 
a  value  J,  The  value  of  J  is  given  by 


J  =  St 


(13) 


wherefit  is  the  input  pulse  width  and  r  is  the  filter  time 
constant.  The  input  pulse  width  may  be  written  as 


fit  s  AA 

dA7dt 
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where  AX  is  the  .Instrumental  resolution  and  d  X/dt  is 
the  scanning  speed.  For  the  Cary  14,  the  RC  filter  time 
constant  ms  given  by 


r  =  Z 
5 


(15) 


where  T  is  the  pen  period  (Ref  2).  The  scanning  speed 
for  the  Cary  14  was  determined  by  dividing  the  instru¬ 
mental  resolution  by  the  pen  period,  which  was  one  second. 
Using  equations  (ity)  and  (15) »  the  value  for  this  instru¬ 
ment  was  found  to  be  J=5. 

# 

Data  Processing 

The  output  of  the  strip  chart  recorder  was  the  ab¬ 
sorbance  versus  the  wavelength  in  microns.  To  obtain  a 
spectrum  to 'compare  with  luminescence  spectrum  this  out¬ 
put  data  was  fed  into  a  computer  which  plotted  the  spectrum 
of  absorbance  versus  photon  energy. 

N 

To  obtain  computer  input  data,  the  baseline  absorbance 
values  at  specified  wavelengths  were  subtracted  from  the 
irradiated  sample  absorbance  values  at  the  same  wavelength. 
More  points  were  taken  around  the  peak  absorption  bands 
to. define  the  true  shape  of  the  band,  This  information, 
the  net  absorbanoe  and  corresponding  wavelength,  were 
punched  on  computer  cards.  The  computer  converted  wave¬ 
length  to  energy  and,  through  a  plotting  subroutine,  gen¬ 
erated  on  absorbance  spectrum. 

Data  for  the  dose  rate  studies  were  taken  from  the 
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strip  chart  output  recorded  for  sample  E,  The  intensity 

or  height  of  the  prominent  absorption  bands  were  measured 

♦ 

after  each  integral  increase  in  fluence.  The  height  of 
the  bands  was  used  instead  of  the  area  for  the  halfwidth 
of  the  bands  remained  relatively  constant.  The  height  was 
plotted  versus  the  electron  fluence  for  each  prominent 
band. 


O 
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VI.  Experimental  Results 


The  experimental  results  will  be  presented  in  three  . 
sections;  each  section  corresponding  to  one  of  the  three 
expressed  purposes  of  this  project.  The  first  section 
contains  absorption  spectra  from  an  n-type,  pulled  sil¬ 
icon  sample.  The  spectra  indicate  some  bands  previously 
seen  in  absorption  studies  and  some  structure  that  has 
not  been  seen  before  in  absorption  spectra.  The  next 
section  will  contain  a  comparison  of  the  spectra  ob¬ 
tained  in  this  study  with  spectra  obtained  by  recombination 
luminescence.  Both  the  structure  and  energy  of  the  bands 
will  bo  compared.  The  final  section  will  incl\ide  the 
dose  rate  study  conducted  on  one  sample  to  determine  which 
bands  could  be  related  and  identified  with  a  known  defect. 
Absorption  Speotiu 

As  mentioned  before,  the  first- purpose  of  this  study 
was  to  obtain  absorption  spectra  of  electron  irradiated 
silicon  which  showed  the  same  narrow  lines  reported  by  Bean, 
et  al.  (Ref  4  ).  Also,  a  search  was  to  be  made  for  the 
zero-phonon  lines  which  occur  in  luminescence  spectra  of 
Irradiated  silicon  (Ref20,22,30,33»4l  )«  The  spectra 
obtained  in  this  study  did  exhibit  the  narrow  bands  repor¬ 
ted  by  Bean,  et  al.  with  the  addition  of  narrow  bands  not 
seen  in  their  spectra.  Both  the  liquid  nitrogen  and  liquid 
helium  absorption  spectra  contained  narrow  bands  and  phonon- 
assisted  sideband  structure  seen  in  luminescence  spectra. 
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The  spectra  contained  In  this  section  were  obtained  from 
sample  A,'  a  Csochralski  grown  crystal.  The  pre-irradiation 
absorption  spectrum  is  shown  in  Pig.  .18.  The  sample  temp¬ 
erature  was  78.1°K.  This  spectrum  Illustrates  the  absorp¬ 
tion  edge  of  silicon  at  liquid  nitrogen  temperature. 

Pig.  19  shows  the  irradiated  absorption  spectrum  of 
sample  A  over  the  energy  range  0.40  eV  to  1,20  eV.  The 
sample  temperature  was  79°K.  In  Pigs.  20  thru  22  the  energy 
scale  has-  been  expanded  for  this  same  spectrum.  The  expanded 
scale  spectra  give  more  detail  and  Indicate  the  existence 
of  three  bands  not  seen  in  Pig.  19. 

The  natural  band  width  was  determined  from  the  observed 
band  ( width  and  the  instrument  resolution.  This  is  possible 

•  if  the  measured  band  shape  fits  a  known  mathematical  pro¬ 
file.  According  to  Seshadri  and  Jones  (Ref  31:1047),  ab¬ 
sorption  band  shapes  commonly  fit  the  Gauss,  Cauchy,  or 
Voigt  forms.  The  experimentally  observed  band  arises  from 
the  convolution  of  the  true  band  profile  and  an  instrument 
function.  Assuming  that  the  observed  band  shape  and  instru¬ 
ment  function  are  both  Gaussian,  then  the  natural  band  width 
will  be  Gatxsslan,  The  natural  band  width  is  given  by 

•  '  I'iBlf  «  [(OBJ)2  -  (SBvl)2]  (16) 

where  N3W  is  the  natural  band  width,  03’, 7  is  the  observed 
band  width,  and  SB W  is  the  spectral  band  width  or  instru¬ 
mental  resolution.  The  natural  band  width  may  be  converted 
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to  energy  units  according  to  the  relation 

AS  ~  1,24 AX  (17) 

. TT 

where  2  is  in  cV,  k  Is  wavelength  of  the  band  peak  in  mic¬ 
rons,  and  A  A  is  the  natural  band  width  in  microns. 

The  letter  designation  assigned  to  these  bands  along 
with  their  wavelength  location,  corresponding  energy,  and 
band  widths  are  listed  in  Table  III, 

Table  III 

.Absorption  Bands  at  Liquid-  Nitrogen  Temperature 

Note:  OBW-observed  band  width 

SB’.T- spectral  band  width  ( instrumental  resolution) 


NBW-natural 

band  width 

* 

Band 

wavelength 
.  .(micron) _ 

Energy 
(eV) _ 

0BW 
_ (A) 

sbw 

(A) 

NBW 

(A) 

NSW 
( meV ) 

A 

2.53? 

0.4387 

54 

16.1 

i  3 

t 

■ 

0.99 

B 

2.464 

0.5032 

378 

11.3 

378 

7.72 

H 

2.2  4l 

0.5533 

87 

6.9 

36.7 

2.14 

V-V 

1.605 

0.7315 

1920 

6.6 

1920 

82.9 

K 

1.-572 

0.7883 

24 

3.8 

23.7 

'  1.19 

L 

1.562 

0.7938 

29 

3.8 

28.8 

1.46 

T 

1.280 

0.9687 

23 

2.8 

22.  8 

1.73 

The  spectra  in  Bigs, 
of  three  absorption  bands 
by  Bean,  et  al,  in  Big.  7. 


19  thru  22  indicate  the  existence 
not*  seen  in  the  spectra  reported 
Those  bands  are  located  at 


0.5533  eV  (a),  0.7383  eV  (K),and  0.7938  eV  (L).  However, 
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two  bands  shown  in  Pig.  7  were  not  seen  in  Pigs.  19  thru 
22-.  Band  d  at  3»3  microns  was  not  observed  in  these- 
spectra  for  it  was  not  within  the  spectral  range  examined 
in  this  study.  The  Cary  14  had  an  upper  spectral  limit 
of  3*0  microns  and  comparisons  were  to  be  made  with  lum¬ 
inescence.  spectra  which  did  not  extend  to  that  wavelength. 
The  band  at  1.2 62  microns  in  Fig.  7  was  also  not  observed 
at  79°K.  Although  a  band  at  that  location  did  appear  as 
will  be  seen  in  the  spectra  recorded  at  11.5°K,  it  could 
not  be  discerned  from  the  background  "t  79°K. 

A  comparison  of  the  results  reported  by  Bean,  et  al. 
with  those  found  in  this  study  .is  given  in  Table  IV. 

Table  IV 

Liquid  Nitrogen  Absorption  Spectrum  Comparison 

Note: The  energy  values  listed  for  Bean,  et  al.  were  con¬ 
verted  from  wavelength  locations. 


Banda 

Wavelength 

(microns) 

Energy 

(eV) 

Band*3 

Energy 

(eV) 

a 

'  1.284 

0.9^5? 

T 

0.9687 

b 

1.689 

0.7341 

V-V 

0.7315 

2.467 

0,5026 

B 

0.5032 

0 

2.541 

0.4879 

A 

0.4887 

a;  spectrum  in  Fig.  7 
b:  speofcra  in  Figs.  19  thru  22 
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The  absorption  spectrum  for  sample  A  was  recorded 
at  liquid  helium  temperature  in  order  to  search  for  other 
phonon-assisted  side  band  structure  present  in  luminescence 
spectra  at. that  temperature .  This  spectrum  is  shown  in 

Pig.  23.  The  expanded  scale  spectra  are  shown  in  Pigs.  2k 

s.  '  • 

thru  26.  'These  spectra  show  the  existence  of  eleven  bands 
which  were  not  seen  at  liquid  nitrogen  temperature.  All  of 
the  bands  found  at  liquid  helium  temperature  are  listed  in 
Table  *v  0:1  2>agc  6k.  Included  are  the  wavelength  location,  energy, 
and  band  widths. 

All  of*  the  narrow  bands  observed  at  were  shifted  to 
shorter  wavelength  locations  at  lt.5°K  and  therefore  higher 
energy  values.  This  shift  toward  shorter  wavelength  locations 
.  (higher  energy)  was  due  to  the  variation  in  the  silicon 
energy  gap  as  a  function  of  temperature.  As-  the  temperature 
decreases,  the  silicon  band  gap  increases,  .  The  energy  sep¬ 
aration  between  bands  K  and  L  was  5  meV.  As  seen  in  Pig.  25, 
the  structure  on  the  high  energy  side  of  these  bands  seem 
to  occur  in  pairs.  The  energy  separation  between  the  pairs 
21— N  and  0-Q  is  5  me7  also. 

The  results  presented  thus  far  have  all  been  from  the 
spectra  of  sample  A.  As  mentioned  in  chapter  V,  this  sam¬ 
ple  was  cut  thicker  than  that  used  by  Bean,  et  al.  or  any  of 
the  investigators  who  used  recombination  luminescence  to 
study  radiation  defects.  Since  a  thinner  sample  can  be 


more  uniformly  irradiated,  a  float  zone  crystal,  sample  Z, 
was  cut  to  a  thickness  of  0.68  mm.  The  float  zone  sample 
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Table  V 


Absorption  Bands  at  Liquid  Helium  Temperature 

Note:  OBW-observed  band  width 

S3W-spectral  band  width ( instrumental  resolution) 
NBW-natural  band  width 

Columns  left  blank  indicate  peak  was  too  small  to 
accurately  measure  band  width 


Band 

Wavelength 
...  (micron) 

Energy 

. (eV)  . 

0BW 

(A). 

SBW 

(A) 

NEW 

(A) 

NBW 
( meV ) 

A 

2.535 

0.4891 

20.8 

16.6 

12.5 

0.24 

B 

2.459 

.0.5042  • 

3?o 

10.1 

370 

7.58 

D 

2.4o4 

.  0.5158 

. 

P 

2.371 

0.5229 

17.3 

9.0 

14.8 

0.33 

H 

2.238 

0.5540 

■  38 

7.3 

37.3 

0.93 

V-V 

1.682 

0.7372 

1620 

5. 6 

1620 

71.0 

K 

1.570 

0.7898 

7.7 

3.8 

6.7 

0.34 

L 

1.560 

0.7948 

11.3  . 

3.8 

10.6 

0.54 

M 

1.5V; 

0.*8005 

• 

N 

1.539 

0.8057 

0 

1.518 

0.8168 

P 

1.514 

0.8190 

Q 

1.509 

0.8217 

R 

1.443 

0.8593 

• 

S  . 

1.432 

0.8659 

T 

1.278 

0.9702 

5.9' 

3.0 

5.1 

0.3° 

U 

1.261 

0.9833 

79 

3.4 

79 

6.16 

V 

1.192 

1 , 0402 

9.4 

V 

i 

1 

8.6 

• 

0.75 
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was  chosen  for,  from  previous  luminescence  studies,  only 
the  0.97 0  ©V  zero-phonon  line  and  phonon-assisted  side¬ 
band  structure  was  seen  in  Irradiated  float  zone  crystals 
(Ref  20,22,33#4l) .  Sample  Z  was  irradiated  to  a  fluence 

of  4x10^  e/cm2  and.  again  to  a  total  fluence  of  6rl01®  e/cia2. 

\ 

However,  in  each  case,  nq  radiation  damage  was  observed. 
Sample  0,  a  pulled  silicon  crystal,  was  cut  to  a  thickness 
of  1.69  mm  to  confirm  that  a  thinner  sample  than  A(5.?4  mm) 
could  be  used.  Sample  0  was  Irradiated  to  a  fluence  of 
4x10  e/cm  .  The  recorded  spectrum  contained  the  same  de¬ 
fect  structure  as  that  recorded  for  sample  A,  but  with  not 
as  great  detail  for  the  sideband  structure. 

Another  float  zone  crystal,  sample  X,  was  cut  to  a 

.thickness  of  1.89  mm  and  irradiated  to  a  fluence  of 
1  fi  2 

2x10  e/cm  .  Only  a  narrow  band  of  very  small  intensity 
was  observed  at  0.9695  eV.  The  sample  was  Irradiated  to  a 
total  fluence  of  4x10  e/cm  ,  the  same  fluence  to  which 
sample  0  had  been  irradiated,  in  order  to  compare  the  in¬ 
tensity  of  the  narrow  band  at  0 .9695  eV.  The  Intensity  of 
the  band  was  down  by  a  factor  of  7  in  sample  X  compared  to 
that  in  sample  0. 


of  Absorption  and  Luminescence  Spectra 
The  second  stated  purpose  of  this-  study  was  to  compare 
the  absorption  spectra  obtained  from  irradiated  silicon  sam¬ 
ples  with  that  obtained  by  recombination  luminescence  for 
Irradiated  silicon  samples  of  the  same  type.  This  comparison 
is  made  in  two  ways..  ?irst,  the  structure  of  the  spectra 
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are  compared  by  including  both  absorption  and  luminescence 
spectra  on  one  figure.  Bands  labeled  with  a  different  no¬ 
tation  than  that  of  the  original  author  were  done  for  eaee 
of  identification  in  the  comparison.  Second,  a  table,  which '• 
accompanies  each  figure,  shows  the  comparison  of  the  energy 
locations  for  the  sero-phbnon  lines  and  the  phonon-assisted 
peaks,  in  addition  to  identifying  the  corresponding  peak 
notations.  The  column  labeled  Separation  is  the  energy 
difference  between  the  phonon-assisted  peak  and  the  prom¬ 
inent  narrow  line. 

iL*il§2  &V  Line.  '  The  comparison  of  the  structure  of 
the  absorption  spectrum  from  sample  A  at  11.5°K  with  that 
of  the  luminescence  spectrum  at  20.4°K  reported  by  Panin, 
et  al.  (Hof  30)  is  shown  in  Pig,  27.  '  The  energy  compar¬ 
isons  are  presented  in  Table  VI.  The  bands  chosen  for  com¬ 
parison  from  Panin,  et  al.  were  the  narrow  band  at  and 
two  of  the  phonon-assisted  peaks,  and 


Table  VI 

0.489  eV  Line  Comparison 


4^§.q2r)tion 

Luminescence 

Band 

Energy 

(eV) 

Separation 

(meV) 

X-A 

Band 

Energy 

(eV) 

Separation 
(meV ) 
X-30 

A 

0.4891 

3o 

0.490 

3 

0.5042 

15.1 

3i 

0.478 

3.2 

D 

0.5150 

26.7 

B2 

0.471 

19 

F 

0.5229 

33.8- 

Bi5  • 

0 . 456 . 

i 

i 

f 

i 

■3-  | 

"  i 

1 

s 

«- 


66 


GNE/PH/72-11 

'  0«790  eV  and  0.795  eV  Lines.  The  comparison  of  the 
absorption  and  luminescence  spectra  from  pulled  samples  con¬ 
taining  these  sero-phonon  lines  Is  shown  in  ?lg.  28.  The 
luminescence  spectra  reported  by  Jones  and  Compton  (Ref  22:84) 
was  recorded  at  3 4°K,  The  energy  comparison  is  presented 
in  Table  VII.  Phonon-assisted  peaks  1  and  2  were  labeled 
for  ease  of  identlf lcatlon.  Since  the  sharp  lines  at 
0.7898  eV  (K)  and  0.7948  eV  (L)  occurred  in  equal  intensity 
as  did  the  phonon-assisted  sideband  pairs,  the  energy  sep¬ 
aration  vias  calculated  between  the  sharp  line  and  its  corres¬ 
ponding  phonon-assisted  peak.  For  the  luminescence  spectrum, 
since  the  sero-phonon  line  at  0.790  eV  (C)  was  the  most  in¬ 
tense,  the  energy  separation  is  calculated  from  this  3 \ne 
for  the  phonon-assisted  peaks. 

Table  VIX 

0.790  eV  and  0.795  eV  Line  Comparison 


Absorption 

Luminescence 

Band 

Energy 

(eV) 

Separation 

(meV) 

X-K  X-L 

Band 

Energy 

(eV) 

Separation 
from  C 
(meV) 

K 

0.7898 

C 

0.790 

L 

0.7948 

5 

D 

0.795 

5 

M 

0,8005 

10.7 

1 

0.772 

18 

N 

0.8057 

10.9 

0 

0.8168 

27 

2 

0.744 

26  • 

Q 

0,8217 

♦ 

26.9 

R 

0.8593 

69.5 

*  A 

0.717 

73 

S 

0.8659 

71.1 

60 
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0*970  cV  Line .  The  comparison  of  the  absorption  and 
luminescence  spectra  from  pulled  samples  containing  this  • 
zero-phonon  line  is  shown  in  Pig.  29.  The  luminescence 
spectra  reported  by  Jones  and  Compton  (Ref  22)  was  recorded 
at  34°K.  The  energy  comparison  is  presented  in  Table  VIII, 
Phonon-assisted  peak  3  was  labeled  for  ease  of  identification. 


Table  VIII 

0.970  eV  Line  Comparison 


Absorption 

Luminescence 

Band 

Energy 

(eV) 

Separation 

(meV) 

X-T 

3and 

Energy 

(eV) 

Separation 

(meV) 

X-G 

T 

.9702 

G 

0.970 

, 

U 

.9033 

13.1 

3 

0.955 

3-5 

V 

1.0402 

70.0 

E 

0. 893 

72 

Table  IX  shows  the  energy  comparison  between  the  re- 
'  suits  from  sample  A  and  a  luminescence  spectrum,  recorded 
at  liquid  helium  temperature,  of  a  sample  cut  from  the  same 


,  boule  as  used  in  this  study.  The  luminescence  spectrum 
was  recorded  by  Dr.  fi,  J.  Spry  of  the  Air  5'oroe  Materials 
Laboratories.  The  sample  was  Irradiated  to  a  fluence  of 
1x10"^  e/c:.:2  with  0.73  MeV  electrons  from  a  Van  de  Graaff 
generator. 

* 

70 
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Absorption-Luminescence  Soectra  Comparison 
0.970  eV  line. 
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Table  IX 


Absorption  and  Luminescence  from  Same  Silicon  Boule 


Absori 

)tlon 

Luminescence 

'■Band 

.  Energy 

Energy 

- .  (eVT . . . 

(eV) 

A 

0.4891 

0.4886 

K 

0.7898 

0.7902 

L 

•  0.7948 

0.7945 

T 

0.9702 

0.9692 

Dose  Rate  Study 

The  purpose  of  the  dose  rate  study  was  to  determine 
.  which  phonon-assisted  lines  could  be  related  to  the  sharp 
13  jes  and  also  if  there  was  a  relationship  between  any  of 
the  sharp  lines.  An  initial  interpretation  of  the  spectra 
shown  in  Pigs,  Zj  thru  2 6  and  the  peak  locations  presented 
in  Table  V  is  that  there  are  three  sets  of  sharp  lines  and 
phonon-assisted  sideband  structures  which  are  related.  How¬ 
ever,  this  picture  is  only  true  for  one  irradiation  value. 
The  growth  rate  of  these  lines  was  therefore  studied  as  a 
function  of  the  fluence.  For  this  study,  sample  E,  a  pulled 
silicon  crystal  was  used.  The  sample  was  subjected  to  total 
fluences  of  0,5,  1,  2,  5,  and  7,6x10^  e/cm^.  The  following 
figures  show  the  growth  rate  of  the  sharp  lines  and  the 
major  phonon-assisted  peaks  observed  in  the  spectra.  The 
Intensity  value  is  .the  height  in  mm  of  the  respective  sharp 
line  or  phonon-assisted  peak. 
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The  growth  rate  of  lines  A,  B,  ana  H  is  shown  in  Pig. 30 
These  lines  did  not  appear  until  a  fluence  of  2x10  e/cm  • 
At  a  fluence  of  7.6x10^  e/cm2  the  lines  were  no  longer  ob¬ 
served.  Fig. 31  shows  the  growth  rate  of  lines  T,  U,  and 
V.  The  band  at  U  did  not  appear  until  a  fluence  of 
1x10^  e/cm^.  This  was  a  broad  band  and  at  such  a  snail 
radiation  dose  as  SxlO^  e/om^  the  line  could  not  be  sep¬ 
arated  from  the  background.  All  lines  except  T  disappeared 
at  a  fluence  of  7*6x10“^  e/cm2.  Line  T  did  not  disappear 
completely  but  was  drastically  reduced.  The  growth  of  lines 
K  and  L  is  plotted  in  Pig. 32  •  These  were  the  only  lines 

which  did  not  decrease  at  a  fluence  of  7.6X101®  e/cm2.  The 
growth  of  the  major  lines  A,  T,  and  K  was  plotted  along 
with  the  dlvacancy  (V-V).  As  shown  in  Fig. 33  ,  the  in¬ 

tensity  of  the  dlvancy  was  reduced  at  7.6X101®  e/or n2. 

To  checJc  that  the  disappearance  of  most  of  the  lines 
at  a  fluence  of  7»6xl0^2  e/cm2  was  net  caused  by  annealing 
during  irradiation  or  an  experimental  error,  another  pulled 
silicon  sample  was  irradiated.  This  crystal,  sample  H,  was 
Irradiated  to  a  fluence  of  5xl0^  e/cra^.  The  intensities 
of  all  the  lines  were  found  to  be  at  approximately  the  sane 
value  as  those  of  sample  IS  at  e/cm2.  Simple  H  was 

then  irradiated  to  a  total  fluenco  of  7»6xl0^  e/cm2.  Again 
the  only  lines  which  remained  at  their  same  intensity  were  K 
and.L  as  is  seen  in  Fig. 34  „  The  divacancy  was  again  re¬ 
duced  but  still  present.  The  loss  of  intensity  due  to  a 

» 

high  fluence  value  was  also  noted  by  Johnson  (Ref  19:76)  and 


INTENSITY  LINES  B  and 
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S«  3-1.  Growth  Rate  of  Lines  T,U,  and  V 
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INTENSITY  LIKES  U  and  V 


INTENSITY  LINES  K  and  L 
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Panin, 'et  al.  (Ref  30).  • 

.Bean,  et  al.  measured  the  growth  rate  of  bands  b 
(1.69  microns)  and  c  (2.54  microns)  as  a  function  of  irrad¬ 
iation  dose,  uJhese  bands  correspond  to  band  V-V  (1.682  microns) 
and  the  sharp  line  at  A  (2.535  microns)  in  this  study.  A 
comparison  of  the  two  growth  rate  studies  is  shown  in  Pig.  35. 


I  • 

40 

B 

M 

CO  ■  30 

E?  .. 

H  20 


■VI*.- 

Electrons  cnr2  xlO“® 

Curves  b  and  c  arq  for  divacancy. 
Curve  a  is  2.5*1-  micron  band.  Solid 
curve  for  high  Carbon  content;  dashed 
curve  for  low  Carbon  content  (Hef  *1-), 


FLUENCB  (xlO18  e/cm2) 


Fig.  35.  *  Comparison  of  Growth  Bate  Studies 
Sample  E  vs.  Bean,  et  al.  study. 
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VII  Discussion  and  Conclusions 

The  first  section  of  this  chapter  contains-  a  dis¬ 
cussion  of  the  experimental  results.  Included  are  the 
comparisons  made  with  luminescence  spectra  and  the  iden¬ 
tification  of  the  sharp  lines,  a  tentative  assignment  of 
the  phonons  emitted,  and  the  results  of  the  dose  rate  study. 
The  final  section  presents  the  conclusions  of  this  project 
and  recommendations  for  further  study. 

Discussion 

Zero  phonon  lines  are  identified  as  such  by  their  ex¬ 
treme  narrowness  and  usually  proved  to  be  such  by  obser¬ 
vation  of  an  emission  and  absorption  line  at  the  same  fre¬ 
quency  (Ref  34:242) .  The  values  of  kT  at  79°K  and  11.5°K 
are  6.8  neV  and  0.99  meV,  respectively.  As  seen  in  Table  III 
and  V  the  natural  band  widths  of  the, sharp  lines  at  0.4891 
eV  (A),  0.789*3  eV(X),  0.7946  eV  (L),  and  0.9702  eV  (T)  are 
all  very  much  less  than  kT  at  both  ?9°K  and  11.5°K,  This 
indicates  that  these  lines  are  probably  all  due  to  the 
creation  of  excitons  bound  at  defect  centers.  However, 
the  type  of  centers  involved  ( charged ,  neutral,  etc.)  can¬ 
not  be  determined. from  the  band  width  analysis.  The  energies 
at 'which  each  of  these  four  lines,  A,  K,  L,  and  T,  occur  in 
the  absorption  spectra  of  this  study  correspond  to  the  ener¬ 
gies  of  zero-phonon  lines  identified  in  luminescence  spectra. 
Table  VI,  VII,  and  V  £1  list  these  comparisons  for  the  known 
zero-phonon  locations  as  well  as  Table  I.  Striking  evidence 

* 
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of  the  observation  of  an  emission' and  absorption  line  at 
the  same  frequency  is  given  in  Table  IX.  These  four  sharp 
lines  were  seen  for  samples  cut  from  the  same  single  crystal 
silicon  boule  in  both  the  absorption  and  luminescence  spectra. 
This  evidence  indicates  the  sharp  lines  at  A,  K,  L,  and  T 
seen  at  both  liquid  nitrogen  and  liquid  helium  temperature 
in  the  absorption  spectra  are  aero-phonon  lines. 

The  comparison  of  the  absorption  and  luminescence  spectra 

shown  in  Pigs .  27,  28,  and  29  indicate  that  the  phonon- 

assisted  structure  is  reflected  around  the  aero-phonon  lines 

in  the  absorption  spectra.  Although  the  absorption  and 

luminescence  spectra  do  not  exhibit  complete  mirror  symmetry, 

there  arc  7  phonon-assisted  peaks  which  correspond  in  both 

types  of  spectra  and  arc  mirrored  about  the  aero-phonon 

lines.  These  are  the  absorption  peaks  at  3,  !?,  U,  and  V, 

and  the  three  pairs  H,  0,  and  R  or  N,  Q,  and  S.  The  con- 

•  •  • 

pari sons  arc  listed  in  Table  VI,  VII,  and  VIII, 

The  aero-phonon  lines  at  0.7398  eV  (K)  and  0. 79^8  eV 
(L)  occurred  at  equal  intensities  in  the  absorption  spectra 
recorded  at  both  liquid  nitrogen  and  liquid  helium  tempera¬ 
tures  as  seen  in  Pigs.  21  and  25.  Jones  (Ref  21)  observed 
that  the  intensities  of  the  aero-phonon  lines  at  0.790  eV 
(C )  and  0.795  cV  (D)  in  Pig.  9  occurred  at  different  intensi¬ 
ties  when  the  temperature  at  which  the  luminescence  spectra 
were  recorded  varied,  Jones*  conclusion  that  the  splitting 
of  the  energy  level  in  the  excited  state  is  confirmed 
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If  the  splitting  had  been  in  the  ground  state  energy  level, 
the  absorption  spectra  would  have  shown  the  intensity  changes 
with  variation  In  temperature.  The  energy  level  splitting  and 
transitions  involved  are  shown  in  a  simple  schematic  in  Pig.  36. 
The  initial  states  for  both  the  absorption  and  luminescence 
process  are  those  levels  from  which  the  transition  arrows 
originate.  It  must  be  assumed  that  in  each  process  there  is 


an  equal  probability  for  the  two  transitions,  A  and  B, 


Level  3  corresponds  to  0.790  eV  transition. 

*■  indicates  equal  intensity  of  lines. 

indicates  intensity  of  lines  related  by  a 
Boltzmann  f actor . 
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For  two  temperatures,  the  initial  state  of  the  transition 
process  must  be  equally  populated  to  result  in  equal  inten¬ 
sities  of  these  two  lines*  If  the  ground  state  energy  level 
were  split  then  the  luminescence  spectra  would  exhibit  these 
two  lines  in  equal  intensities  since  the  initial  state 
(excited  state)  of  luminescence  process  would  be  equally 
populated. 

Fig.  30  shows  the  relationship  between  the  zero-phonon 
line  at  A  and  its  associated  phonon-assisted  side  band  struc¬ 
ture.  It  can  be  seen  that  the  small  phonon-assisted  peaks 
at  B  and  H  are  related  to  the  zero-phonon  line  at  A,  Fig.  % 
exhibits  the  same  type  of  relationship  between  the  zero-pho- 
non  line  at  T  and  the  phonon-assisted  peaks  at  U  and  V.  Zero- 
phonon  lines  at  K  and  L  are  related  as  is  shown  in  Fig. 32  . 

The  growth  rate  of  the  phonon-assisted  sideband  structure 
for  these  zero-phonon  lines  was  not  plotted  since  the  in¬ 
tensities  of  those  peaks  were  relatively  small.  However, 
the  phonon-ass-isted  peaks  also  appeared  in  pairs  during,  the 
dose  rate  study.  Thus  the  energy  separations  between  the 
zero-phonon  lines  and  associated  phonon-assisted  peaks  in 
Table  VII  are  consistent  with  the  results  seen  during  the 
dose  rate  study. 

A  tentative  assignment  of  the  phonons  emitted  is 


presented  in  Table  X 
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•  Table  X 

Phonon  Assignment 

Note*  LH-local  mode 

TA-transverse  acoustic 
ZC-zo ne  center  optical 

Separation  is  energy  difference  between  phonon- 
assisted  peak  and  zero-phonon  line* 


Band 

Energy 

(eV) 

Separation 
. .  -  (meV) . . 

Phonon 

emitted 

A 

.4801 

Zero 

B 

.5042 

15.1 

TA 

D 

.5158 

26.7 

? 

P 

.5229 

33.8 

H 

.554  0 

64.9 

ZC  or  Lh 

X 

.7898 

Zero 

I-I 

.8005 

10.7 

rpA 

0  , 

.8168 

27 

? 

.8593 

69.5 

LM 

L 

.7948 

Zero 

N 

.8057 

10.9 

TA 

Q 

.8217 

26. 9 

rl 

S 

08659 
.  .  • 

71.1 

XA-I 

T 

.9702 

' 

Zero 

U 

.9833 

13.1 

TA 

V 

1.0402 

70.0 

u: 

According  to  Thomas  (Ref  34:250),  the  local  mode  side¬ 
bands  are  very  sharp.  Since  the  peaks  at  H  and  V  are  very 
sharp,  they  are  probably  due  to  local  modes  instead  of  zone 
center  optical  phonons.  There  appears  to  be  a  similar  pattern 
of  the -emitted  phonons  for  the  sharp  lines  at  A,  K,  and  L. 

The  pattern  consists  of  a  TA  phonon,  a  phonon  with  an  energy 
of  2?  meV  of  unknown  origin,  and  a  zone  center  optical  phonon 
or  local  mode  vibration.  The  pattern  for  the  line  at  T  is 
similar  except  there  is  no  2/  mcY  phonon  emitted. 
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•  The  growth  rate  of  the  zero-phonon  lines  at  A,  X,  .and 
T  are  plotted  along  with  that  of  the  divacancy  (V-V)  in  an 
attempt  to  relate  any  of  these  prominent  lines.  There  seems 
to  he  no  relation  between  any  of  these  lines,  as  seen  in 
"•Fig.  33  ,  and  thus  the  three  zero-phonon  lines  and  their  as¬ 
sociated  phonon-assisted  sidebands  are  independent  of  each 
other*  The  lines  at  0.7898  eV  (IC)  and  0,9702  eV  (T)  are  in¬ 
dependent  of  the  band  at  V-V  and  cannot  be  related  to  the 
divacancy, 

A  comparison  of  the  dose  rato  studies  shown  in  Fig, 33 
indicates  that  the  growth  rate  of  curve  a  (for  2*54  micron 
band)  reported  by  Bean,  et  al.  agrees  with  that  of  the 
zero-phonc.i  line  at  0,4891  ©V  (A)  in  this  study.  The  growth 
of  the  lino  at  A  may  or  may  not  follow  the  growth  of  the 
divacancy  (V-V)  but  the  line  at  A  is  found  only  in  pulled 
silicon  samples.  The  dlvacancy  was  seen  in  both  pulled  and 
float-zone  samples.  Thus  the  line  at  A  may  not  be  assoc- 

1 

iated  with  the  divacanoy. 

The  disappearance  or  reduction  in  intensity  of  all 
lines  except  the  ones  at  0,7898  eV  (k)  and  0.7948  eV  (L) 
at  a  fluence  of  7»6xl0'L^  e/caz  was  observed  on  two  different 
samples  at  the  same  fluence  value.  This  loss  in  intensity 
may  be  due  to  the  interaction  of  the  defect  states  or  a  re¬ 


sult  of  lowering  of  the  Fermi  level. 

The  lines  at  X  and  I.  are  found  only  in  pulled  samples 

and  are  therefore  dependent  on  oxygen  for  their  formation. 

\ 

The  energy  for  the  transition  corresponds  to  a  ground  state 
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energy  level  at  Ev  +  0.37  ©V.  The  assignment  of  the  energy 
level  with  respect  to  the  valence  band  Is  consistent  with 
the  results  of  the  dose  rate  study.  Although  the  Fermi  * 
level  was  changing  for  the  n-type  sample  as  the  electron 
fluence  Increased,  the  intensity  of  the  lines  at  K  and  L 
remained  constant  at  these  higher  fluence  values.  This  in¬ 
dicates  that  the  ground  state  is  in  the  lower  half  of  the  gap. 
The  dependence  on  orygen  and  the  ground  state  level  at 
sv  +  0.37  cV  are  in  good  agreement  for  identif ication  Of  the 
defect  with  the  K  center. 

If  the  loss  of ‘intensity  of  the  lines  at  A  and  T  are 
due  to  lowering  of  the  Fermi  level,  the  ground  state  energy 
levels  of  the  associated  defects  are  probably  in  the  upper 
half  of  the  gap. 

Jones  and  Compton  (Hef  22)  reported  that  the  lines 

at  0.717  cV,  0.722  e'v,  0.898  eV,  and  0.9*H  eV  were  scro- 
•  •  • 

phonon  lines.  However,  these  lines  were  not  seen  in  the 
absorption  spectra  of  this  study.  The  energy  separation  of 
the  lines  at  0,71?  eV  and  0,898  eV  from  the  aero  phonon 
lines  at  0.790  eV  and  0,970  eV  did  correspond  to  phonon- 
assisted  peaks  listed  in  the  comparisons  presented  in 
Tables  VII  and  VIII. 

Conclusions 

The  important  result  of  this  study  was  the  detection 
of  sharp  lines  in  the  absorption  spectra  of  electron  irrad¬ 
iated  silicon  samples  and  the  important  conclusion  was  the 
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Three  families  of  bands  were  seen,  'Two  of  the  fam¬ 
ilies  consisted  of  a  aero-phonon  line  with  the  phe  na.i-as- 
slsted  sideband  structure  on  the  high  energy  side  the* 
aero-phonon  liiie.  The  other  family  consisted  of  two 
aero-phonon  lines  each  with  its  own  phonon-asslse.sd  side¬ 
band  structure  on  the  high  energy  side  of  the  •/:  ro-phonon 
lines. 


The  four  major  aero-phonon  lines  correspond  to  those 
previously  seen  in  luminescence  spectra  and  a"  jo  in  the 
luminescence  spectrum  of  a  sample  cut  from  thi  same  silicon 
boule  used  In  this  study. 

The  families  of  lines  at  0.4891  eV,  0.7898  eVf  and 

« 

0.7948  eV  were  seen  only  in  pulled  silicon  samples  while 

the  family  at  0.9702  eV  ;jas  seen  in  both  pulled  and  float 

aone  silicon  samples.  This  confirmed  similar  findings  in 

luminescence  succtra. 

-  •  •  • 

The  findings  of  Jones  (:lef  21)  that  the  aero-phonon 
lines  occurring  at  0.790  eV  and  0.795  eV  are  due  to  the 
splitting  in  the  excited  state  of  the  defect’s  energy 
level  are  confirmed.  This  was  shown  by  the  equal  intensity 
of  the  lines  in  the  absorption  spectra. 

The  results  of  the  dose  rate  study  showed  that  the 
three  major  families  of  lines  are  Independent  of  each  other. 
The  lines  at  0.9702  eV,  0.7898  ©V  and  0.7948  eV  are  inde¬ 
pendent  of  the  broad  band  (V-V)  identified  with  the  di vac¬ 


ancy  .  The  family  of  lines  at  0.4891  eV  may  follow  the  growth 
of  the  di  vacancy  but  this  is  not  a  definite  conclusion'. 
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The  intensities  of  most  of  the  aero'-phonon  lines  and 
associated  phonon-assisted  peaks  were  drastically  reduced 


in  two  samples  which  were  irradiated  to  a  total  fluence  of 


7. 6x10" ^  e/cm2, 
did  not  decrease. 
K  center. 


Only  the  lines  at  O.7898  eV  and  0.79^8  eV 
These  two  lines  were  identified  with  the 


Reproduced  from 
best  available  copy. 


It  is  recommended  that  more  silicon  samples  contain¬ 
ing  various  impurities  be  irradiated  and  the  resulting 
defects  examined  by  absorption  spectroscopy.  The  results 
should  then  be  compared  with  luminescence  spectra.  A  dose 
rate  study  should  be  conducted  on  samples  cut  from  the 
boulcs  used  in  this  study.  A  smaller  initial  flucnce  should 
be  used  along  with  smaller  Integral  doses.  The  fluence 
value  at  which  the  majority  of  the  lines  disappeared  in. 
this  study  should  be  approached  nore  slowly.  An  alternate 
to  this  study  would  be  an  annealing  study  of  these  aero- 


phonon  lines  in  hopes  of 


identifying  the  defect  centers. 


O 
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